Aircraft wake-vortex minimization by use of flaps by Corsiglia, V. R. & Dunham, R. E., Jr.
AIRCRAFT WAKE-VORTEX MINIMIZATION BY USE OF FLAPS 
Victor R. Cor s ig l i a  and R. Earl Dunham, Jr.* 
Ames Research Center 
SUMMARY 
A survey i s  made of research on t h e  a l l e v i a t i o n  of t he  t r a i l i n g  vortex 
Flap hazard by a l t e r i n g  span loading with f l a p s  on t h e  generator a i rp lane .  
configurat ions  of t h e  generator t h a t  shed mul t ip le  vo r t i ce s  w e r e  found t o  
have wakes t h a t  dispersed by vor tex  merging and s inuso ida l  i n s t a b i l i t y .  
Reductions of approximately 50 percent  i n  both the  wake r o l l i n g  moment 
imposed on a following a i r c r a f t  and t h e  a i r c r a f t  separat ion requirement w e r e  
achieved i n  the  ground-based and f l i g h t - t e s t  experiments by de f l ec t ing  the  
t ra i l ing- edge f l a p s  more inboard than outboard. S ign i f i can t ly ,  t h i s  con- 
f igu ra t ion  d id  no t  increase  t h e  drag o r  v ib ra t ion  on the  generating a i r c r a f t  
compared t o  t h e  conventional landing configurat ion.  Ground-based r e s u l t s  of 
rolling-moment measurement and flow v i sua l i za t ion  are shown, using a water 
tow f a c i l i t y ,  an a i r  tow f a c i l i t y ,  and a wind tunnel.  F l igh t- te s t  r e s u l t s  
are a l s o  shown, using a fu l l- sca l e  B- 747 a i rp lane .  
found among t h e  results of t h e  var ious  ground-based f a c i l i t i e s  and the  f l i g h t  
tests. Some progress has been made i n  i den t i fy ing  configurat ions  t h a t  
a l l e v i a t e  t h e  wake; however, more research  is  required before  a configurat ion 
acceptable f o r  a i r l i n e  operat ion is  found. 
General agreement w a s  
INTRODUCTION 
The ob jec t ive  of t h e  NASA wake-vortex a l l e v i a t i o n  program i s  t o  reduce 
t h e  i n t e n s i t y  of the  l i f t- genera ted  vo r t i ce s  shed by l a r g e  subsonic t ranspor t  
a i r c r a f t  s o  t h a t  separa t ion  d is tances  between a i r c r a f t  can be  reduced during 
landing and takeof f .  
ga t ing  t h e  e f f e c t  on the  wake of turbulence i n j e c t i o n  i n t o  t h e  vo r t i ce s  
One aspec t  of t h i s  program has  been devoted t o  inves t i-  
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( re fs .  1-14). I n  t hese  s t u d i e s ,  a va r i e ty  of s p o i l e r  s i z e s  and loca t ions  
w e r e  considered, as w e l l  as var ious s p l i n e  configurat ions .  
t h e  turbulence i n j e c t i o n  devices w e r e  e f f e c t i v e  i n  reducing wake i n t e n s i t y ,  
t h e  pena l t i e s  assoc ia ted  with t h e i r  drag, l i f t ,  unsteady loads,  and i n s t a l -  
l a t i o n  made them unacceptable so lu t ions  t o  t h e  wake-vortex problem. Recently, 
however, t h e  use of t h e  e x i s t i n g  s p o i l e r s  on t h e  B-747 a i r p l a n e  has been 
Although some of 
found t o  be e f f e c t i v e  ( r e f s .  15 and 16), and an e f f o r t  i s  underway t o  reduce 
the  assoc ia ted  pena l t i e s  t o  a t o l e r a b l e  level ( r e f .  1 7 ) .  
An a l t e r n a t e  approach t o  wake-vortex minimization is  t o  d i s t r i b u t e  t he  
l i f t  on the  wing so t h a t  a very d i f f u s e  wake r e s u l t s .  
a t t r a c t i v e  i n  t h a t  lower l e v e l s  of wing p r o f i l e  drag would be  expected com- 
pared t o  t he  use of drag devices such as a s p o i l e r  o r  sp l ine .  
This approach i s  
This lower 
drag i s  e spec i a l ly  important f o r  takeoff and the  climb phase of f l i g h t .  
paper discusses  t he  use of f l a p s  as a technique t o  al ter  span loading and 
includes  work performed by the  NASA Ames, F l i g h t ,  and Langley Research 
Centers. 
This 
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l o c a l  l i f t  c o e f f i c i e n t  
NOTATION 
rolling-moment c o e f f i c i e n t  
t o t a l  drag c o e f f i c i e n t  
t o t a l  l i f t  c o e f f i c i e n t  
t o t a l  pitching-moment c o e f f i c i e n t  
vor tex  spacing (see f i g .  11) 
306 
hor izonta l  s t a b i l i z e r  incidence t i 
r vor tex  rad ius  
t t i m e  
A t  t i m e  increment 
free- stream ve loc i ty  
00 
U 
vor tex  s w i r l  ve loc i ty  v9 
X downstream d is tance  
Y spanwise d i s tance  
a angle  of a t t a c k  
n = 2y/bg 
30"/0" i nd ica t e s  inboard f l a p  def lec ted  30" and outboard f l a p  def lec ted  
0" t y p i c a l l y  
Subscripts 
f follower model 
g generator model 
RELATIONSHIP BETWEEN SPAN LOADING AND VORTEX-WAKE INTENSITY 
Theore t ica l  
S ign i f i can t  progress w a s  made i n  understanding t h e  r e l a t i onsh ip  between 
span loading on t h e  generat ing wing and t h e  s t r u c t u r e  of the  downstream vor tex  
wake when t h e  Betz method ( r e f .  18) w a s  adopted by several inves t iga to r s .  The 
wake r o l l u p  procedure described by Betz i n  1932 received l i t t l e  a t t e n t i o n  
u n t i l  Donaldson ( r e f s .  19 and 20) showed t h a t  t h e  s w i r l  ve loc i ty  d i s t r i b u t i o n  
ca lcu la ted  i n  t h i s  way compared favorably with  measurements. Mason and 
Marchman ( r e f .  21) appl ied the  Betz method t o  a series of tapered wings and 
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concluded t h a t  t h e  t r a i l i n g  vor tex  became more in tense  as t h e  v o r t i c i t y  w a s  
concentrated on the  ou te r  por t ion  of t h e  wing. A s i m i l a r  conclusion w a s  
drawn by Brown ( r e f .  22),  who appl ied the  Betz theory t o  a parabol ica l ly  
loaded wing. Rossow ( r e f .  23) appl ied the  Betz method t o  a wide range of 
wing span loadings.  Figure 1 is  a sample of h i s  r e s u l t s .  The s w i r l  ve loc i ty  
is seen t o  be  s i g n i f i c a n t l y  reduced i n  panels (b) ,  ( e ) ,  and (d) of t he  f i g u r e  
as compared t o  panel ( a ) ,  which corresponds t o  e l l i p t i c  span loading. 
Rossow ( r e f .  24) then extended h i s  ana lys i s  t o  more complicated configurat ions  
by use of a time-dependent point- vortex model t h a t  a l s o  s a t i s f i e d  the  Betz 
invar ian ts .  H e  found t h a t  ( i )  span loadings could be t a i l o r e d  t o  produce a 
very d i f f u s e  wake and ( i i )  by shedding mul t ip le  vo r t i ce s  i n  t h e  wake, s t rong  
i n t e r a c t i o n s  between vo r t i ce s  could occur which would d i sperse  t h e  v o r t i c i t y .  
Experimental 
Rorke, Moff i t t ,  and Ward ( r e f .  25) found t h a t  vor tex s w i r l  v e loc i ty  i n  
t h e  wake of a rectangular  wing could be s i g n i f i c a n t l y  reduced by i n s t a l l i n g  
an ogee wingtip t h a t  reduced t h e  wingtip loading. A similar conclusion w a s  
obtained by McCormick and Padakannaya ( r e f .  26) i n  t h e i r  study of t he  e f f e c t  
of a drooped wingtip. Rossow e t  a l .  ( r e f .  12) showed t h a t  s w i r l  v e l o c i t i e s  
could be  reduced by t a i l o r i n g  f o r  an optimum span loading by use of a seg- 
mented t ra i l ing- edge f l a p  on a swept wing ( f i g .  2 ) .  However, t h e  r o l l i n g  
moment imposed on a following model a l i ned  with  t h e  vortex w a s  found, i n  some 
cases ,  t o  be  increased as a r e s u l t  of t a i l o r i n g  the  loading, depending on t h e  
span of t he  follower r e l a t i v e  t o  t h e  span of t he  generator.  Ciffone and 
Orloff ( r e f .  27) conducted f u r t h e r  s t u d i e s  using the  s a m e  design of swept 
wing as i n  reference 12 .  They found t h a t  when mul t ip le  vo r t i ce s  were shed i n  
the  wake, s t rong  i n t e r a c t i o n s  occurred between some vo r t i ce s .  However, o ther  
vo r t i ce s  p e r s i s t e d  i n  t h e  wake and r e su l t ed  i n  s w i r l  v e l o c i t i e s  as high as 
those found i n  t he  wake of conventional configurat ions .  
USE OF FLAPS ON THE B-747 AIRPLANE 
To coordinate t he  a c t i v i t i e s  of t h e  var ious  NASA cen te rs  i n  t h e  wake- 
vortex minimization e f f o r t ,  a common ob jec t ive  w a s  adopted. The generating 
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wing w a s  agreed t o  be  t h a t  of a B-747 a i r p l a n e  and t h e  following wings would 
be represen ta t ive  of a Learjet and a DC-9 a i r p l a n e  f o r  t h e  l ightweight  
(<12,500 l b )  and medium-sized fol lowers ,  respec t ive ly .  P a r t i c u l a r  i n t e r e s t  
w a s  focused on those modifications of t h e  generator  which w e r e  s u f f i c i e n t l y  
minor t o  be  regarded as r e t r o f i t  modifications.  
I n  view of research work on the  e f f e c t  of span loading (discussed pre-  
vious ly) ,  an obvious p o s s i b i l i t y  f o r  considerat ion on t h e  generator w a s  t o  
retract the  outboard f l a p  with t h e  inboard f l a p  l e f t  a t  t h e  landing s e t t i n g  
( f i g s .  3 and 4 ) .  
t r i p l e- s lo t t ed ,  t ra i l ing- edge f l a p s  capable of high l i f t .  Figure 5 shows the  
span loadings produced by var ious f l a p  s e t t i n g s  of t h e  generator  using a 
vo r t ex  l a t t i ce  method f o r  t h e  wing and f l a p s ,  including t h e  e f f e c t  of camber 
and t w i s t ,  but  without fuselage o r  t a i l .  Note t h a t  t he  conventional f l a p s  
0" and takeoff configurat ions  have approximately e l l i p t i c a l  span loadings and 
hence would be  expected t o  shed a s i n g l e  vor tex  from each wingtip. 
conventional landing configurat ion,  some add i t i ona l  sharp gradients  i n  loading 
are evident a t  t he  f l a p  edges from which d i s c r e t e  v o r t i c e s  might o r ig ina t e .  
However, wi th  t h e  outboard f l a p  r e t r a c t e d  (30"/0°),1 these  gradients  are more 
pronounced and th ree  vo r t i ce s  from each wing would be  expected, t h a t  is ,  one 
from each f l a p  edge and one from the  wingtip.  
The generator w a s  equipped with two spanwise segments of 
With t h e  
Ground-Bas ed Measurement 
FZoU V isuaZ i za th - z  - Dunham ( r e f .  9) conducted experiments i n  a w a t e r -  
tow f a c i l i t y  (owned and operated by Hydronautics Inc. under cont rac t  t o  
Langley Research Center) where t h e  generator model w a s  towed underwater along 
a long channel. H e  observed ( f i g .  6)  t h a t  when t h e  outboard f l a p  w a s  
r e t r ac t ed ,  t h e  wingtip and f l a p  outboard vor tex  in t e r ac t ed  and merged t o  
form a s i n g l e  d i f f u s e  vor tex  p a i r  a f t  of about 15 spans downstream. 
t i o n a l  flow v i sua l i za t ion  s tud ie s  ( r e f s  e 28-32) w e r e  conducted using an 
Addi- 
lThe nota t ion  3 0 " / 0 ° ,  f o r  example, is used t o  i nd ica t e  30" inboard f l a p  
de f l ec t ion  and 0" outboard f l a p  de f l ec t ion ;  30" is t h e  nominal angle  used 
t o  designate  t h e  configurat ion f o r  landing (5" f o r  t akeof f ) .  
de f l ec t ion  of t h e  var ious  f l a p  panels appears i n  f i g u r e  3. 
The actual 
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air- tow channel, water-tow channel (owned and operated by t h e  Univ. of C a l i -  
fo rn i a  under con t r ac t  t o  Ames Research Center) ( f i g .  71, wind tunnel ,  and 
fu l l- sca l e  f l i g h t  test ( f i g .  8). From a l l  t hese  s tud ie s ,  t h e  p i c t u r e  of t h e  
wake appearing i n  f i gu re  9 emerged. 
r a t i o n  a f t  of about 2 spans downstream, t h e  wake consis ted of two in t ense  
counter ro ta t ing  cores  t h a t  very slowly diffused t h e i r  v o r t i c i t y .  I n  con t r a s t ,  
t h e  wake of t h e  configurat ion wi th  t he  outboard f l a p  r e t r a c t e d  and the  inboard 
f l a p  set t o  t h e  landing de f l ec t ion  consis ted of t h ree  vo r t i ce s  per s i d e ,  one 
from each f l a p  edge and one from t h e  wingtip. The vortex t h a t  w a s  most 
i n t ense  and w e l l  defined or ig ina ted  at  t h e  f l a p  outboard edge. The two 
weaker vo r t i ce s  l e f t  t h e  wingtip and f l a p  inboard edge, respec t ive ly .  The 
p a t t e r n  ro t a t ed  as it moved downstream, with  t he  t i p  vor tex  passing over t h e  
f l a p  vo r t i ce s  so  t h a t ,  by about 1 3  spans downstream, i t  had moved t o  a posi-  
t i o n  between t h e  f l a p  vo r t i ce s .  The f l a p  and t i p  vo r t i ce s  u l t imate ly  merged. 
Following t h i s  merger, a very d i f f u s e  wake remained. I n  addi t ion  t o  t he  
v o r t i c e s  shown i n  f i gu re  9 ,  Ciffone and Lonzo ( r e f .  29) noted t h a t  t h e  hori-  
zonta l  t a i l  vo r t i ce s  r ap id ly  merged with t h e  f l a p  vo r t i ce s .  
With t h e  conventional landing configu- 
Vurtex merging - The vortex merging phenomenon is a mechanism f o r  
d i spers ing  the  v o r t i c i t y  i n  t he  wake. It w a s  general ly  observed, f o r  example, 
t h a t  a s i n g l e  vor tex  p a i r  i n  i s o l a t i o n  pe r s i s t ed  as an organized vor tex  wi th  
a small core ,  whereas it w a s  found t h a t  t h e  wake would d i sperse  rap id ly  i f  
( i )  mul t ip le  vor tex  p a i r s  w e r e  shed with i n i t i a l l y  l a r g e  spacing and ( i i )  t he  
self- induced wake v e l o c i t i e s  convected these  vo r t i ce s  i n t o  c l o s e  proximity. 
As  shown i n  f i g u r e  7, the  wingtip and f l a p  vo r t i ce s  are convected i n t o  c lo se  
proximity between x/bg = 1.5 and x/b = 13.  Next t he  v o r t i c i t y  of t h e  
weak vor tex  ( t i p )  i s  convected i n t o  an annulus around t h e  s t rong  vortex 
( f l ap ) .  
v o r t i c a l  region of t h e  weak vor tex  is  taken t o  be c i r c u l a r  a t  t i m e  zero. 
t h e  time increments shown, t h i s  region is d i s t o r t e d  because of t he  ve loc i ty  
of t he  s t rong  vortex.  When t h e  two v o r t i c e s  are of comparable s t rength ,  t h e  
core  region is elongated i n  both vo r t i ce s .  Furthermore, t he  elongation of 
t h e  core  w i l l  r e s u l t  i n  add i t i ona l  d i s t o r t i o n  because of self- induced 
v e l o c i t i e s  ( r e f .  3 3 ) .  
This convection is sketched schematically i n  f i g u r e  10. Here the  
I n  
31 0 
The r o l l i n g  moment on a following a i r p l a n e  f o r  f u l l y  merged v o r t i c e s  
would be  expected t o  be  below t h a t  f o r  t he  conventional configurat ion a t  t h e  
same l i f t  Coeff ic ient  of t h e  generator.  
i dea l i zed  span loadings sketched i n  f i g u r e  11. 
r a t i o n ,  t h e  wingtip and f l a p  v o r t i c e s  are assumed t o  merge i n t o  a s i n g l e  
c i r c u l a r  vo r t ex  core  wi th  uniformly d i s t r i b u t e d  v o r t i c i t y  ( i . e . ,  Rankine 
vor tex) .  The c i r c u l a t i o n  and core  diameter of t h i s  merged vor tex  can be  
obtained from vortex inva r i an t s  ( r e f .  18). The rolling-moment c o e f f i c i e n t  
on the  follower i n  t h e  wake of t h i s  merged vortex,  as w e l l  as i n  t h e  wake of 
t h e  s i n g l e  vor tex  of t he  conventional configurat ion,  can be  computed by use 
of the  method discussed i n  reference 12 o r  24 f o r  a given l i f t  c o e f f i c i e n t  of 
t h e  generator.  
between t h e  two vo r t i ce s  of t h e  modified configurat ion.  For vor tex  spacing 
i n  excess of 0 . 3  of t he  semispan, t he  reduction i n  t h e  rolling-moment coef- 
f i c i e n t  behind t h e  modified configurat ion compared wi th  t h e  conventional 
configurat ion is subs t an t i a l .  This s imp l i f i ed  example i l l u s t r a t e s  one 
mechanism f o r  d i spers ing  t h e  wake. 
merger have d i s t r i b u t e d  v o r t i c i t y ,  and t h e r e  are v o r t i c e s  of opposi te  sense 
from the  inboard edges of t h e  f l a p  and t h e  hor izonta l  s t a b i l i z e r .  A l l  these  
vo r t i ce s  must be  considered in  pred ic t ing  the  downstream wake and r o l l i n g  
moment on a follower. Rossow ( r e f .  33) has conducted add i t i ona l  t h e o r e t i c a l  
research on t h e  conditions f o r  t h e  merger of mul t ip le  vo r t i ce s .  
For example, consider t h e  two 
For t h e  modified configu- 
This r e s u l t  is shown i n  f i g u r e  11 as a funct ion of t h e  spacing 
I n  an a c t u a l  wake, t h e  vo r t i ce s  before  
Rolling moment on the follouer - Experiments w e r e  conducted i n  t he  Ames 
40-by8O-Foot Wind Tunnel i n  which t h e  r o l l i n g  moment w a s  measured on a 
following model held f ixed i n  t h e  wake of t he  generator model ( f i g s .  3 and 
12) .  Figure 13 shows t h e  v a r i a t i o n  of t h e  rolling-moment c o e f f i c i e n t  with  
t he  c i r c u l a t i o n  of the  t r a i l i n g  vor tex  f o r  t h e  conventional f l a p  s e t t i n g s  of 
t he  generator ( r e f .  30) a t  1 3 . 6  spans downstream of t h e  generator.  Also 
shown is t h e  corresponding measurement i n  t h e  wake of a supersonic t r anspor t  
model ( r e f .  34). The r o l l i n g  moment increases  near ly  l i n e a r l y  with  T/bgU,, 
as predicted ( r e f .  12) f o r  t he  case when t h e  v o r t i c i t y  d i s t r i b u t i o n  remains 
unchanged and only t h e  magnitude changes. This r e s u l t  i s  expected because 
the  shape of t h e  span-load d i s t r i b u t i o n  is  near ly  independent of l i f t  over 
t h e  range of angle  of attack t e s t e d  and, f o r  t hese  configurat ions ,  t he  vortex 
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s t r u c t u r e  i s  determined by t h e  span-load d i s t r i b u t i o n  (ref .  18). For f i gu re  
13, r/bgUw w a s  obtained from C L ~  by assuming e l l i p t i c  loading. Note i n  
f i g u r e  13 t h a t  t he  var ious  configurat ions  l i e  on approximately t he  s a m e  curve, 
which implies t h a t  t h e  change i n  t h e  vor tex  s t r u c t u r e  f o r  the -conf igura t ions  
shown is s u f f i c i e n t l y  small t h a t  t h e  change i n  r o l l i n g  moment could not  be  
detected.  When the  outboard f l a p  of t he  B-747 model w a s  r e t r a c t e d  ( f i g s .  
14(a)  and (b ) ) ,  a g rea t e r  than 50-percent reduct ion in  r o l l i n g  moment w a s  
measured f o r  t h e  smaller follower model. With t h e  l a r g e r  follower model, t h e  
reduction i n  r o l l i n g  moment w a s  less. For comparison, t y p i c a l  values f o r  t h e  
r o l l  con t ro l  c a p a b i l i t y  f o r  t he  Learjet and DC-9 are a l s o  presented i n  
f i g u r e  14 and, a t  t h e  imposed rolling-moment c o e f f i c i e n t  about 
equals  t h e  capab i l i t y  of t h e  Learjet and s l i g h t l y  exceeds t h e  capab i l i t y  of 
t h e  DC-9. The nominal value of CL f o r  t h e  B-747 i n  t h e  conventional landing 
configurat ion lies between 1 . 2  t o  1.4. 
C L ~  = 1 . 2 ,  
g 
Experiments w e r e  a l s o  conducted i n  t he  Hydronautics Inc. water-tow 
f a c i l i t y  ( re f .  9) using follower and generator models i d e n t i c a l  t o  those used 
i n  t he  wind-tunnel tests discussed previously.  I n  these  water-tow experi-  
ments, the  follower and generator models w e r e  towed a t  t he  same speed, with 
t h e  follower model he ld  f ixed  a t  var ious  lateral and v e r t i c a l  pos i t ions  i n  
t h e  wake. By use of t h i s  technique, s u b s t a n t i a l l y  greater downstream . 
dis tances  could be obtained compared t o  t h e  wind-tunnel experiments. Results 
f o r  t he  v a r i a t i o n  of 
and (d).  Also shown are comparable wind-tunnel and air- tow f a c i l i t y  da ta .  
There i s  general  agreement on the  e f fec t iveness  of r e t r a c t i n g  t h e  outboard 
f l a p  as a technique t o  reduce t h e  wake r o l l i n g  moments. However, t h e  w a t e r -  
tow f a c i l i t y  da t a  show t h a t  t he  e f fec t iveness  f o r  t he  smaller follower 
( f i g .  14(c))  occurs f a r t h e r  downstream compared with t h e  wind-tunnel 
r e s u l t s .  This d i f fe rence  may r .esult  from e i t h e r  a higher  turbulence level 
i n  t h e  wind tunnel  as compared t o  the  water-tow f a c i l i t y  o r  t h e  e f f e c t  of 
t h e  w a t e r  tank boundaries on t h e  paths of t h e  vo r t i ce s .  
CZf  with downstream d is tance  appear i n  f i gu re s  14 (c) 
Drag, angle of attack, and pitching moment on the generator - The forces  
and moments on t h e  generator  w e r e  measured f o r  t h e  3O0/3Oo and 30° /00  con- 
f igu ra t ions  ( re f .  14) ( f i g .  15). The effect of r e t r a c t i n g  the  outboard f l a p  
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on drag w a s  small. 
f i c i e n t  C L ~  = 1 . 2  w a s  about 3.5" (trimmed). I n  a i r c r a f t  operat ion,  however, 
t h i s  l i f t  l o s s  due t o  t h e  30°/0" configurat ion would r equ i r e  compensation by 
e i t h e r  an increase  i n  a i r c r a f t  angle  of a t t a c k  o r  a i r speed  o r  a combination 
of these var iab les .  The e f f e c t  of r e t r a c t i n g  t h e  outboard f l a p  on the  
pitching-moment c h a r a c t e r i s t i c s  i s  t o  r equ i r e  an add i t i ona l  5O of t a i l  
incidence f o r  t r i m  and t o  reduce long i tud ina l  s ta t ic  s t a b i l i t y ,  
about 13 percent  a t  
pitching-moment c h a r a c t e r i s t i c s  would probably r equ i r e  t h a t  t h e  a f t  l i m i t  of 
t h e  center-of-gravity l oca t ion  be moved forward from its present  loca t ion .  
The change i n  angle  of a t t a c k  t o  maintain a l i f t  coef- 
(-X,/aCLg), 
= 1 .2 .  I n  a i r l i n e  operat ion,  t h i s  e f f e c t  on t h e  
cLg 
F l igh t  T e s t  
A s  a result of t h e  ground-based s t u d i e s  discussed above, f l i g h t  tests 
were conducted using a fu l l- sca l e  B-747 a i rp l ane  t o  generate  t he  wake and a 
Learjet and T-37B a i rp lanes  t o  probe t h e  wake ( r e f s .  31, 32, and 35). 
Figure 16 i s  a summary of p i l o t  q u a l i t a t i v e  separa t ion  requirement f o r  t h e  
follower a i rp lane .  
ground-based experiments, t he  separa t ion  requirement w a s  reduced s u b s t a n t i a l l y  
f o r  the  30°/1" configurat ion2 compared t o  t h e  3Oo/3O0 configurat ion ( f i g .  
16(a) ) .  Lowering the  landing gear ,  however, increased the  separat ion require-  
ment f o r  a l l  configurat ions  and e spec i a l ly  f o r  t h e  3Oo/l0 configurat ion.  
S ides l ip  w a s  a l s o  found t o  adversely a f f e c t  t h e  wake a l l e v i a t i o n  when the  
landing gear w a s  up ( f i g .  16(b)) .  
With t h e  landing gear r e t r a c t e d  t o  correspond t o  t he  
Flow v i s u a l i z a t i o n  obtained during t h e  f l i g h t  test provided some in s igh t  
Figure 17 shows t h e  smoke trails i n t o  t h e  cause of t h e  landing gear e f f e c t .  
from t h e  B-747 a i r p l a n e  f o r  t he  3Oo/l0 conf igura t ion  wi th  t h e  landing gear 
both up and down. With the  landing gear up, a well-defined vor tex  p a i r  w a s  
shed from t h e  inboard edge of t h e  f l a p s  and these  v o r t i c e s  underwent large-  
amplitude s inuso ida l  i n t e r a c t i o n s .  With the  landing gear deployed, these  
same v o r t i c e s  appeared t o  be  more d i f f u s e ,  and no such i n t e r a c t i o n s  w e r e  seen. 
2For c e r t a i n  mechanical reasons,  t h e  outboard f l a p  of t he  B-747 a i r p l a n e  w a s  
r e t r a c t e d  only t o  1" i n s t ead  of O o .  
i n s ign i f i can t .  
It i s  f e l t  t h a t  t h i s  d i f f e r ence  is 
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The f l a p  inboard vortex with the  landing gear up d id  not appear as sharp i n  
any of t he  ground-based v i s u a l i z a t i o n  experiments as i t  appears i n  f i g u r e  17 .  
However, t h i s  apparent l ack  of agreement wi th  t he  model tests is probably not  
s i g n i f i c a n t  s i n c e  t h e  e f f e c t  of t h e  landing gear w a s  a l s o  measured i n  t he  
ground-based experiments. Recently, Leonard ( r e f .  36)  modeled t h i s  flow 
using a three-dimensional, time-dependent i n v i s c i d  ca l cu l a t ion  with s i x  con- 
cen t r a t ed  vo r t i ce s .  H i s  r e s u l t s ,  using a s i m i l a r  configurat ion ( f i g .  18), 
i n d i c a t e  t h a t  t he  s inuso ida l  o s c i l l a t i o n s  observed i n  f l i g h t  a l s o  appear i n  
t h e  computed r e s u l t s .  
The r o l l i n g  moment imposed on t h e  following a i r c r a f t  w a s  obtained by 
sub t r ac t ing  the  e f f e c t s  due t o  a i l e r o n s ,  s i d e s l i p ,  e t c . ,  from the  measured 
r o l l  acce le ra t ion  during a vortex encounter. This r e s u l t  ( r e f .  32)  f o r  t he  
configurat ion with the  landing gear up appears i n  f i gu re  19 .  Also shown f o r  
comparison are t h e  r e s u l t s  from the  ground-based f a c i l i t i e s  presented above, 
which correspond t o  a rectangular  wing follower whose span and aspect r a t i o  
w e r e  sca led  t o  t he  a i r c r a f t  used i n  t h e  f l i g h t  tests. Excellent agreement 
w a s  obtained f o r  t h e  configurat ion with  t h e  outboard f l a p  r e t r ac t ed .  With 
t h e  conventional landing configurat ion ( f l aps  3 O o / 3 O 0 ) ,  t h e  ground-based 
r o l l i n g  moment lies i n  t he  lower range of t h e  flight-measured values ,  
depending on the  procedure used t o  ex t rapola te  t h e  ground-based r e s u l t s  .to 
t h e  downstream d is tances  t e s t e d  i n  f l i g h t .  
INTERFERENCE OF LANDING GEAR WITH WAKE ALLEVIATION 
The bas i c  f ac to r s  t h a t  cause t h e  landing gear t o  i n t e r f e r e  with t he  
vor tex  wake are s t i l l  not  f u l l y  understood. A s  discussed above, i t  appears 
from f i g u r e  1 7  t h a t  t h e  e f f e c t  of t h e  landing gear is t o  d i f f u s e  t h e  f l a p  
inboard vortex.  Therefore, a vor tex  generator ( f i g s .  4 and 20) which w a s  
designed t o  shed a s t rong  vor tex  a t  t h e  same loca t ion  and sense as each of 
t h e  f l a p  inboard vo r t i ce s  when t h e  landing gear w a s  down w a s  t e s t e d  i n  t h e  
Hydronautics Inc.  water tow f a c i l i t y .  The r e s u l t s  without t h e  vortex 
generator  i n s t a l l e d  ( f i g .  21) show a s u b s t a n t i a l  increase  i n  r o l l i n g  moment 
due t o  t h e  landing gear f o r  t he  30° /00  f l a p  configurat ion s i m i l a r  t o  those 
achieved i n  t h e  f l i g h t  tests. With t h e  vor tex  generator i n s t a l l e d ,  t h e  
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rolling-moment reduct ion due t o  f l a p s  w a s  i n s e n s i t i v e  t o  the  presence of t h e  
landing gear. Pa t te rson  and Jordan ( r e f .  28) ( f i g .  22), i n  t h e i r  air- tow 
f a c i l i t y  s t u d i e s ,  w e r e  ab l e  t o  produce an increase  i n  r o l l i n g  moment, with 
t h e  landing gear removed, equal  t o  t h e  gear e f f e c t  by e i t h e r  placing end 
p l a t e s  a t  t h e  inboard edges of t h e  f l a p  o r  by extending the  f l a p  inboard 
across  t h e  fuselage.  A poss ib le  explanat ion of t hese  r e s u l t s  is t h a t  both 
t h e  end p l a t e  and t h e  fuselage f l a p  d i f fused  t h e  f l a p  inboard vortex.  
Further research i s  required t o  d i r e c t l y  measure t h e  f l a p  inboard vor tex  
axial and s w i r l  v e l o c i t i e s  t o  determine t h e  a c t u a l  r o l e  of t h i s  vor tex  on 
t h e  a l l e v i a t i o n  of t he  wake. Ciffone and Lonzo ( r e f .  29) observed i n  t h e i r  
water-tow s tud ie s  t h a t  t h e  concentrat ions  of dye and the  vor tex  t r a j e c t o r i e s  
were d i f f e r e n t  between landing gear up and down wi th  t h e  30"/0° f l a p  configu- 
ra t ion .  They then s tud ied  an a l t e r n a t e  configurat ion t h a t  appeared t o  
a l l e v i a t e  t h e  wake and t o  b e  i n s e n s i t i v e  t o  the  presence of t he  landing gear. 
This configurat ion w a s  obtained by s e t t i n g  both t h e  inboard and outboard 
f l a p s  t o  30" de f l ec t ion  and removing the  inboard 30 percent of the  inboard 
f l ap .  Studies  of t h i s  configurat ion are continuing. 
CONCLUDING REMARKS 
Cer ta in  span-load d i s t r i b u t i o n s  produce less in t ense  wakes than o thers .  
An approximately 50-percent reduction i n  both t h e  wake r o l l i n g  moment imposed 
on a following a i r c r a f t  and a i r c r a f t  separa t ion  requirement w a s  achieved i n  
t he  ground-based and f l i g h t- t e s t  experiments by de f l ec t ing  t h e  t ra i l ing- edge 
f l a p s  more inboard than outboard. S ign i f i can t ly ,  t h i s  configurat ion did no t  
increase  t h e  drag o r  v ib ra t ion  on t h e  generat ing a i r c r a f t  compared t o  t h e  
conventional landing configurat ion.  However, fu r the r  research i s  required 
t o  ob ta in  a configurat ion wi th  an a l l e v i a t e d  wake t h a t  i s  acceptable  f o r  
a i r l i n e  operation.  
Another major conclusion derived from the  inves t iga t ions  summarized here  
i s  t h a t  wake-vortex experiments conducted i n  ground-based f a c i l i t i e s  produce 
r e s u l t s  t h a t  c o r r e l a t e  w e l l  with f u l l - s c a l e  f l i g h t- t e s t  r e s u l t s .  It w a s  
found t h a t  t h e r e  w a s  general  agreement i n  both t h e  flow v i s u a l i z a t i o n  and the  
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r o l l i n g  moment imposed on a following a i r c r a f t  between f l i g h t- t e s t  and 
ground-based experiments. 
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Figure 1 .- ,Predicted s w i r l  ve loc i ty  i n  t he  downstream wake f o r  var ious  span- 
load d i s t r i b u t i o n s  using t h e  Betz method ( r e f .  18) by Rossow ( r e f .  2 3 ) .  
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Figure 2.- Measured s w i r l  ve loc i ty  d i s t r i b u t i o n  i n  t he  downstream vor tex  f o r  
two configurat ions  whose span loadings have been t a i l o r e d  according t o  the 
method described i n  reference 2 4  t o  produce a d i f f u s e  vor tex  as compared 
t o  a swept wing with  f l aps  undeflected ( r e f .  1 2 ) .  
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Figure 3.-  Sketch of t h e  B-747 model. 
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-45O TO VERTICAL 
Figure 4 .-  Photograph of t h e  B-747 model (dimensions i n  cm) .  
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Figure  5.- Pred ic ted  v a r i a t i o n  of span loading on t h e  B-747 model f o r  var ious  
s e t t i n g s  of t h e  inboard and outboard t ra i l ing- edge  f l a p s  ( r e f .  30). 
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Figure 6 . -  I l l u s t r a t i o n  of t h e  merger of t h e  wingt ip  and f l a p  outboard vo r t i ce s  
f o r  t he  30° /00  f l a p  configurat ion,  as observed i n  t h e  Hydronautics Inc.  
water-tow f a c i l i t y  ( r e f .  9 ) .  
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Figure 7.--Light s l i t  photographs of dye traces i n  t h e  water tow f a c i l i t y ,  
generator  f l aps :  Ldg/Oo, 01 = 5.8O, U, = 1 m/sec (3 .3  ft/sec) e 
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Figure 8.- Photographs of smoke trai ls  from the B-747 test a i rp lane  showing 
the vortex in t e rac t ions  from reference 31. 
FLAP 
WAKE VORTICES MERGED 
TO FORM SINGLE PAIR 
MODIFIED (FLAPS 30°/00) 
FLAP INBOARD AND 
OUTBOARD VORTICES MERGE 
Figure 9.- Sketch of the  in t e rac t ion  of t h e  various vor t i ces  i n  the  wake of 
the  B-747 model fo r  t h e  3Oo/3O0 and 30°/00 f l a p  configurations.  
3 25 
OF 
I 
a 
-I 
a 
r2 
Figure 10.- Sketch of t h e  i dea l i zed  convective merging of a weak vor tex  with 
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Figure 11.- Idea l ized  example of t h e  e f f e c t  of merging two v o r t i c e s  i n t o  a 
s i n g l e  Rankine vo r t ex  on t h e  rolling-moment c o e f f i c i e n t  on a follower as 
compared t o  a s i n g l e  vor tex  wake a t  t h e  same l i f t  and span; b f /bg  = 0.2. 
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Figure 12.- Experimental setup in the Ames 40- by 80-Foot Wind Tunnel. 
r 8747 MODEL 
bf/bg ~0.5, x/bg=l3.6 
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Figure 13.- Variation of the peak rolling-moment coefficient on the following 
models for the B-747 model with conventional flap settings (ref. 30) and 
for a supersonic transport model with flaps undeflected (ref. 3 4 ) ,  as 
measured in the Ames 40- by 80-Foot Wind Tunnel. 
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(a)  x/bg = 13, bf /bg = 0.2 ,  Learjet 
80-Foot Wind Tunnel 
s i z e  fol lower ,  Ames 40- by 
( r e f .  30). 
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(b) x/bg = 13, bf /bg = 0.5,  DC-9 s i z e  fol lower ,  Ames 40- by 
80-Foot Wind Tunnel ( r e f .  30). 
Figure 14.- The e f f e c t  of r e t r a c t i n g  t h e  outboard f l a p  of t h e  B-747 model on 
t h e  r o l l i n g  moment imposed on t h e  following model, landing gear up. 
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(c) C L ~  = 1.2, bf /bg  = 0.2, Learjet size follower, Hydronautics Inc. 
water-tow facility. 
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(d) C L ~  = 1.2, bf/bg = 0.5, DC-9 size follower, Hydronautics Inc. 
water- tow facility . 
Figure 14.- Concluded. 
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(a) Drag coe f f i c i en t  and angle  of a t t a c k ,  f l a p s  3Oo/3O0, 
conventional landing configuration.  
Figure 15.- Effec t  of t h e  ho r i zon ta l- ta i l  incidence on t h e  longi tud ina l  aero- 
dynamic c h a r a c t e r i s t i c s  of t he  B-747 model, as measured i n  t h e  Langley 
V/STOL Wind Tunnel; landing gear up ( r e f .  14). Moment cen te r  a t  25 percent  
mean aerodynamic chord. 
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(b) Pitching-moment coefficient , flaps 30' /30°, 
conventional landing configuration. 
Figure 15.- Continued. 
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(c) Drag coe f f i c i en t  and angle of a t t ack ,  f l a p s  3 0 ° / 0 0 ,  
outboard f l a p  r e t r ac t ed .  
Figure 15.- Continued. 
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(d) Pitching-moment coefficient, f l a p s  3 O o / O 0 ,  outboard f l a p  retracted. 
Figure 15.- Concluded. 
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INBOARD FLAP /OUTBOARD FLAP 
(a) Varia t ion with outboard f l a p  de f l ec t ion ,  no yaw. 
(b) Varia t ion with  yaw 
Figure 16.- P i l o t  q u a l i t a t i v e  
GEAR DOWN 
c] GEAR UP 
I /4-B ALL COORDINATED 
on t h e  generator a i rp lane ,  f l a p s  30°/10.  
separat ion requirement f o r  a Learjet o r  T-37B 
a i rp l ane  following a B-747 a i rp lane ;  level f l i g h t  ( r e f .  35) .  
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LANDING GEAR UP LANDING GEAR DOWN 
Figure 17.-  Flow visual iza t ion  photographs from f l i g h t  tests of the B-747 
ai rp lane  i n  the 3Oo/l0 configuration showing the  e f f e c t  of the  landing 
gear on the  f l ap  inboard vor t ices  ( ref .  31). 
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Figure 18.- Computer graphics display of the results of a three-dimensional 
time-dependent inviscid calculation of the wake vortex interaction behind 
a configuration with a three vortex pair wake with landing gear up 
(ref. 36). 
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Figure 19.- Comparison of the flight-measured rolling-moment coefficient 
imposed on the T-37B airplane with the ground-based measured values from 
reference 32. 
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Figure 21.- Effec t  of landing gear and fuselage vortex generator on t h e  
v a r i a t i o n  of t h e  rolling-moment c o e f f i c i e n t  on the  Learjet s i z e  follower,  
as measured i n  t h e  Hydronautics Inc.  water-tow f a c i l i t y ;  b /b = 0.2, f g  
CLg = 1 .2 .  
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.IO 
czf 
.05 
0 
30°/0" FLAPS 
1- LANDING GEAR FLAP END PLATES 
1 7 -  # I 
t 
~ 
(3 z 
Figure 22.- The e f f e c t s  of landing gear ,  f l a p  en 
#J 
1
p l a t e s ,  and fuselage f l a p  
on t h e  rolling-moment c o e f f i c i e n t  on t h e  DC-9 s i z e  fol lower ,  as measured 
i n  t h e  Langley Vortex Research F a c i l i t y ;  b /b = 0.5, CL = 1 .2  ( r e f .  28). f g  g 
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